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50
However, if the numerical value of the empirical parameter is an unknown, these 51 models are of little use if the user intends to perform a prediction without 52 performing any measurements), particularly if very little is known about the 53 microstructure of the food. The aim of this paper was to determine the most accurate 54 model/method for obtaining a first approximation (preferably to within ±20%) of the 55 thermal conductivity of any isotropic food product, by referring just to its composition 56 data, initial freezing temperature (if applicable) and the temperature of the food, 57 without the need to perform any measurements. 58
Thermal Conductivity Prediction for Foods

59
The thermal conductivity of food products depends on three basic factors: 60 composition, processing conditions, and structure (Rahman, 2009 ). Foods may be 61 considered as mixtures of the following major components: water, protein, fat, 62 carbohydrate and ash (i.e. non-combustible solids such as minerals etc). Some foods 63 may contain a significant volume fraction of ice and/or air (porosity). Temperature is 64 the most critical processing condition in solid and liquid phases although 65 pressure can be significant too e.g. high pressure processing (HPP). The 66 temperature-dependent thermal conductivities of the major food components were 67 measured by Choi and Okos (1986) and have been reproduced in a number of other 68 sources (e.g. Rahman, 2009; ASHRAE, 2010) . In general terms, the thermal 69 conductivities of protein, fat, carbohydrates and ash are similar; about three times lower than that of water, nine times lower than that of ice and ten times higher than 71 that of air.
It is the dependence of the thermal conductivity of the food on structure that is 74 accounted for by the thermal conductivity model. In this study only models which 75 are functions of the composition of the food and thermal conductivities of the major 76 food components only, and do not involve any parameters which must be measured 77 experimentally.
78
For first approximations, one of two approaches may be employed: 79 1) Predict the thermal conductivity of the food of concern in a single step by 80 using a single model equation 
The Class I foods with the lowest maximum thermal conductivity ratio are the simplest 158 foods to predict thermal properties for since the uncertainty involved is relatively low, 159 as indicated by the small region bounded by the Series and Parallel models ( Fig. 2a ).
160
In this case, most thermal conductivity models commonly found in the food 161 engineering and refrigeration literature will provide predictions of sufficient accuracy. conductivity prediction since the thermal conductivity of ice is an order of magnitude higher than the thermal conductivities of the other components, and the thermal 
versa in proportions such that the composite conductivity is the same (i.e. a mixture of 187 the two versions of the Maxwell-Eucken model as shown in Figure 4 ). 
If air forms the continuous phase then it has the following form ("ME2"):
204 Figure 4 shows plots of the two forms of the Maxwell-Eucken model, and it is clear 205 that the form in which air is the dispersed phase (sponge/foam-like materials) predicts 206 significantly higher thermal conductivities, than when air is the continuous phase
The objective of this paper was to recommend a procedure in which nothing, porosities. Figure 4 shows that the EMT model fulfils these requirements adequately 225 for first approximations (see also Carson et al., 2005) , and therefore it is 226 recommended for use in the multi-step procedure, to account for porosity, i.e.
227
Class III and IV food. The EMT model for the multi-step process is: 
and similarly for the other components. This may be implemented most conveniently 242 by using the following form of the Parallel model, rather than Eq. (1): The amount of unfrozen water in frozen foods is simply the difference between the ice 302 fraction and the total water content:
304 305
Comparison of Single Step and Multi-step Predictions with Measured Data
306
The predictions from each of the five single-step models (Eqs. 1 -5) along with the 307 multistep procedures (as illustrated in Fig. 3) have been compared to measured 308 thermal conductivity data from the literature for the four different Classes of foods.
309
The difference is defined as:
Only measured thermal conductivity data where the measurement methodology was 312 proven accurate and the composition of the food (including porosity) and, in the case 313 of frozen foods, initial freezing temperature were available were considered for this 314 assessment exercise. 
Discussion
369
The results of the prediction comparison exercises show that for foods containing 370 porosity, both frozen and unfrozen, the multi-step thermal conductivity prediction 371 procedure proved to be the most accurate. The multi-step procedure also has the 372 advantage over the single-step procedure in that while it can be employed without any 373 knowledge of the structure of the food, there is scope for knowledge of the structure 374 of the food to be incorporated into the method (as was illustrated in Section 3.4).
375
Other than for the Class IV foods, the single-step Co-Continuous model provided, on 376 average, prediction accuracies within the 'first approximation' range of ±20% and is 377 simpler to implement than the multi-step method. 
Conclusion
387
Using only composition and initial freezing temperature data and knowledge of the 388 food's temperature, a multi-step thermal conductivity prediction procedure provided 389 the most accurate thermal conductivity predictions for the range of foods considered.
390
However, the single-step Co-Continuous model also provided predictions within 391 ±20% other than for food containing both ice and air voids. On balance, however, the 392 multi-step procedure is recommended for general use, since it provided the most 393 accurate predictions over the widest range of foods, and also because there is scope 394 for enhancements to be made within its framework, unlike the single-step method. It 395 is emphasised that this methodology is intended for first approximations based on the 396 minimum of input data, rather than as a rigorous modelling framework. • Different methods for predicting thermal conductivity of foods solely from composition and temperature data were compared against measured data • Multi-step procedure involving sequential application of Parallel, Levy and Maxwell-Eucken model provided most accurate predictions on average • Other than for frozen, porous foods, the Co-continuous models also provided predictions within ±20% on average
